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ABSTRACT We used dynamic force spectroscopy (DFS) to explore the energy landscape of interactions between a chelated
uranyl compound and a monoclonal antibody raised against the uranyl-dicarboxy-phenanthroline complex. We estimated the
potential energy barrier widths and the relevant thermodynamic rate constants along the dissociation coordinate. Using atomic
force microscopy, four different experimental setups with or without the uranyl ion in the chelate ligand, we have distinguished
speciﬁc and nonspeciﬁc binding in the binding afﬁnity of the uranyl compound to the antibody. The force loading rates for our
system were measured from 15 to 26,400 pN/s. The results showed two regimes in the plot of the most probable unbinding
force versus the logarithm of the loading rate, revealing the presence of two (at least) activation barriers. Analyses of DFS
suggest parallel multivalent binding present in either regime. We have also built a molecular model for the variable fragment of
the antibody and used computational graphics to dock the chelated uranyl ion into the binding pocket. The structural analysis
led us to hypothesize that the two regimes originate from two interaction modes: the ﬁrst one corresponds to an energy barrier
with a very narrow width of 0.5 6 0.2 A˚, inferring dissociation of the uranyl ion from its ﬁrst coordination shell (Asp residue); the
second one with a broader energy barrier width (3.9 6 0.3 A˚) infers the entire chelate compound dissociated from the antibody.
Our study highlights the sensitivity of DFS experiments to dissect protein-metal compound interactions.
INTRODUCTION
Uranium salts may cross biological membranes and cause
a large range of toxic effects in cells and organs (1). These
effects can be divided into radiation and heavy metal toxi-
cology. The radiation toxicity of uranium compounds might
be considered as low while the prominent chemical toxicity
of uranyl ions (UO212 ) in different organs has been dem-
onstrated (2). The initial step for rationalizing developments
of new bioremediations is to understand the mechanism by
which the uranyl ion exerts deleterious effects at cellular and
molecular levels (3). Consequently, information on chemical
properties of uranyl ions is of great signiﬁcance. Due to
scarcity and toxicity of uranium compounds, many efforts
have gone to computational developments of quantum chem-
istry and modeling of metal chelates. However, an adequate
description of electron correlation effects and incorporation
of the large relativistic effects remain challenging for the
existing theoretical approaches on actinide metals (4). To
directly gain insight on how the uranyl ion binds to bio-
logical systems, we have investigated the binding reaction at
a molecular level of chelated UO212 with the monoclonal
antibody, namely Mab U04S, raised against UO2-DCP
(UO2-2,9-dicarboxy-1,10-phenanthroline, (5)) using the mouse
hybridoma technique (C. Vidaud, in preparation). We attempt
to determine relevant kinetic parameters that are useful for
modeling and to better understand the chemical properties of
uranium-containing molecules like peptides or proteins. It is
generally agreed that the thermodynamic parameter to best
describe the afﬁnity of a ligand with a protein is the kinetic
dissociation constant.
In this study, we combined both experimental and theo-
retical techniques to investigate the interactions of UO2-DCP
and Mab U04S. For the experimental part, we adopted a
single molecule manipulation technique using atomic force
microscopy (AFM) (6). AFM has been used to correlate the
binding strength between a ligand and a receptor with an
applied force that pulls the ligand out of the receptor envi-
ronment (7). The force at which the bond breaks depends on
the loading rate, i.e., a larger bonding force can be measured
at higher loading rates. This unbinding process has been rec-
ognized as a thermally activated decay of a metastable state.
Therefore, it can be described in the framework of the re-
action theory, referred to as an irreversible or far from equi-
librium reaction (8). The ﬁrst kinetic model was proposed
by Bell (9) and reﬁned later by Evans and Ritchie (10). Re-
cently, a general formalism for the AFM study on thermo-
dynamic stability was formed by Tinoco and Bustamante
(11) to compare the data of single molecule(s) and that of
bulk solutions. This type of AFM experiment is also termed
dynamic force spectroscopy (DFS) (12). DFS has been carried
out to study kinetic behaviors of several systems (13–18)
including antigen-antibody systems (19–21).
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In this article, we present the ﬁrst, to our knowledge, direct
DFS study on binding kinetics of an immobilized heavy metal
and a macromolecular receptor. Force-displacement curves
in DFS measurements have been found highly convoluted and
to include signals from both speciﬁc and nonspeciﬁc inter-
actions that complicate analysis of raw force-displacement
data. Therefore, we have used the previously developed soft-
ware to analyze data throughout this work (22). To avoid
confusion on the terms speciﬁc and nonspeciﬁc used in our
article, we have reserved the use of ‘‘speciﬁc’’ for the inter-
action of our interest, i.e., those between the uranyl chelate
(UO2-DCP) andMab U04S, whereas ‘‘nonspeciﬁc’’ refers to
interactions between other constituents of the system.
For the theoretical part, we used the comparative modeling
technique, an extremely useful tool to dissect the function
role of surface residues in proteins (23), to build a molecular
model of the variable fragment of Mab U04S. A UO2-DCP
compound model was docked in the binding pocket of Mab
U04S. Structural analysis of the bound complex was made in
light of DFS results that led us to hypothesize a dissociation
mechanism for this molecular system.
MATERIALS AND METHODS
Experimental setups and sample preparations
A Dimension 3100 AFMmicroscope with a Nanoscope IV controller (Digital
Instrument Veeco, Santa Barbara, CA) was used for measuring unbinding
forces of the molecular system. The experiments were carried out using the
force mode of AFM that produces force-displacement curves. The external
force applied through the cantilever tip to the system follows Hooke’s law as
a product of the cantilever spring constant, kc, and the deﬂection distance,
dc. We independently determined the spring constants of all the gold-coated
tips (Olympus Biolever, Olympus, Melville, NY; Veeco NPG), as previ-
ously described elsewhere (22). We measured standard error deviations on
cantilever spring constants to be ;10–25% for soft tips (,10 pN/nm) and
7–15% for stiff tips. The smallest detectable force of these cantilevers was
10 pN. Calibration of a new tip was routinely performed after every chemical
treatment during the course of an AFM experiment. We obtained a wide
range of loading rates by controlling either the retracting speed of the piezo
scanner or the spring constant of the cantilever. For instance, a loading rate
of 80,000 pN/s is obtained using the cantilever with a spring constant kc ¼
100 pN/nm and a vertical scanning frequency of 1 Hz (to approach and
retract) over the ramp size of the piezo scanner at 400 nm.
Functionalization of gold-coated glass slides
The probed surface was prepared according to an adapted method of Brogan
et al. (24) on an ultraﬂat gold-coated glass slide (generously provided by
Pr. Joe¨l Chopineau), as shown in Fig. 1 A. The glass slide was functionalized
by a Protein A (ProtA) before linking Mab U04S to the surface (25). The
gold-coated surface was pretreated with 10 nM mercapto-undecanoic acid in
ethanol. After three rinses, the slide was incubated for 10 min in an aqueous
solution v/v of 75 mg/mL ethyl-N-[3-diethylaminopropyl]carbodiimide and
11.5 mg/mL N-hydroxysuccinimide (NHS), followed by three rinses with
acetate buffer and then submerged in 1 nM ProtA in 10 mM sodium acetate
buffer (pH 4.8) followed by three rinses. Mab U04S was then added as drops
of 0.1; 1.0 nM protein solutions in 10 mM phosphate buffer, pH 7.5 for 15
min. The ﬁnal step was cross-linking of ProtA and Mab U04S via a
bifunctional cross-linker using 1 mM dimethyl adipimidate (DMA, Pierce,
Rockford, IL) for 15 min in 10 mM triethanolamine buffer, pH 8, followed
by three rinses in 10 mM phosphate, 50 mM KCl buffer, pH 7.5. Finally, the
slide surface was saturated with bovine serum albumin (BSA) (10 mg/ml)
for 30 min in 10 mM phosphate buffer, at pH 7.5 (26). Loosely bound pro-
teins were removed by rinsing with 10 mM phosphate, 50 mM KCl buffer,
pH 7.5.
Functionalization of the tip coupled with DCP and [UO2-DCP]
The gold-coated tip was activated with 10 nM 5-thiouredoethanethiol-DCP
or DCP-thiol (ERAS Labo, St. Nazaire les Eymes, France) in dimethyl
formamide (DMF) at room temperature (RT) for 30 min, then rinsed in 10
mM HEPES solution, 150 mM NaCl buffer at pH 7.4. To ligate the UO212
ion to DCP, the tip was loaded with UO212 ions by incubating in 100 nM
uranyl phosphate solutions at RT for 30 min. In case the functionalization
failed, we ﬁrst measured systematically unbinding events of our systemwith-
out the UO212 ion on the cantilever tips. At low occurrence of nonspeciﬁc
unbinding events, the UO212 ion was then added to the tip and measurements
proceeded.
Functionalization of the tip coupled with DCP through a
PEG spacer
The hetero bifunctional polyethylene glycol (PEG) spacer, NHS-PEG-MAL
(Nektar Therapeutics, San Carlos, CA), which contains an activated ester
group at one end and a maleimide group at the other end, was attached to the
gold-coated tip. The gold-coated tip was pretreated with 50 mM cysteamine
in water (Fluka-Sigma-Aldrich, St-Quentin Fallavier, France) at RT for 30
min followed by three rinses in HEPES (pH 8.2). The hetero bifunctional
PEG spacer (10 nM in 10 mM HEPES buffer, pH 8.2) was incubated on the
tip surface for 1 h at RT. After three rinses in phosphate buffer (10 mM, 50
mM KCl, pH 7.5), the tip was incubated with 10 nM DCP-thiol in DMF for
30 min. Excess of DCP was removed by rinsing the tip three times with 10
mM phosphate buffer, 50 mM KCl at pH 7.5.
Distribution density of molecules on glass slides
The height images of antibody deposited surfaces was obtained using the
AFM tapping mode with a Nanoscope IIIA controller (Digital Instrument
Veeco). Measurements were recorded at a frequency of 0.5; 1 Hz along the
scanning line (512 3 512 pixels) and processed for ﬂattening and plane
correction using the Nanoscope software (Veeco). The oscillation amplitude
of the cantilever tip was kept at the set-point value. All experiments were
carried out at RT in air with humidity around 30%. The height images were
determined by minimizing the interaction between the tip and the probed
surface (27). Further improvements were made using the Fourier ﬁltering
option in the SPIP software (version V3.3.2.0, Image Metrology A/S,
Lingby, Denmark). By analyzing the height images, we estimated the aver-
age distribution density of protA-Mab U04S complexes;2000/mm2 (Fig. 2).
The substrate surface appeared completely covered, though nonuniformly,
by a molecular assembly 4-nm high on average (Fig. 2).
Kinetics of [UO2-DCP]-Mab U04S binding
According to Bell’s model, we assumed that dissociation of our molecular
complex under an external force can be described in the transition state
theory (8–11,28,29). Combining with the van’t Hoff relation, the rate
constant of the metal compound dissociated from the protein complex is
accordingly expressed as
koff ¼ Ce
DG#
kBT ;
where DG# represents the activation free energy of the metal-protein
complex; kB is the Boltzmann constant, T is the temperature, and C is the
preexponential factor. In the absence of the applied force (F ¼ 0), koff ¼ k0
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and DG# ¼ DG0 for a dissociation reaction under the natural condition. The
activation free energy under an external force along the dissociation co-
ordinate was proposed in this form: DG# ¼ DG0  Fg. The parameter g is
interpreted as the width to climb up the energy barrier to the transition state.
The measured force is obtained from the required deﬂection distance dc to
rupture the bond. To manifest the inﬂuence of applied force on the rate con-
stant koff, we reexpressed koff as
koffðFÞ ¼ k0e
Fg
kBT:
Consider the applied force as a linear function of time with the loading
rate r as the proportional constant, then the dependence of koff at time t on
force is solely reﬂected on the dependence of r. In a standard fashion of the
kinetic theory, one may straightforwardly derive the formula for the most
probable unbinding force as
F
 ¼ kBT
g
ln
rg
k0kBT
:
In turn, we may obtain the value of g by plotting F* against ln(r) as well
as k0 from the slope of the line ﬁtting.
Force-displacement curve treatments
Force-displacement curves were ﬁrst calibrated using the YieldFinder
software (22). We determined the experimental loading rate, re, based on
a multiple parallel bond system as (30)
re ¼ kpv
11
kp
kc
;
where v is the scan rate, kc corresponds to the spring constant of the
cantilever, and kp represents the spring constant of proteins attached on the
substrate and was obtained by the following relationship with the observed
loading slope of the rupture event keq:
FIGURE 1 (A) A cartoon sketch displaying the distri-
butions of chelated compounds over the functionalized tip
and protein molecules deposited on the substrate surface in
the four experimental setups (systems 1–4) for this study.
The tip is represented by an orange half-sphere, and the
gold-coated glass slide to support the substrate surface is
drawn as an orange rectangle at the bottom; all molecules
are described as follows: UO2-DCP compound is ex-
pressed as a schematic chemical representation, Mab U04S
is blue and Y-shaped, protein A is red ﬁlled, BSA is in red-
hashed shapes, and a chemical linking agent that cova-
lently couples antibodies and protein A is represented by a
vertical black bar. System 1: UO2-DCP attached on the tip,
Mab U04S-protein A on the BSA saturated substrate
surface with protein A attached on the surface. System 2:
Only DCP on the tip, protein A-Mab U04S on the substrate
surface as described for system 1. System 3: UO2-DCP on
the tip, the substrate surface lacks Mab U04S. System 4:
DCP linked to a PEG spacer that is attached on the tip,
protein A-Mab U04S on the substrate surface as described
for system 1. (B) Compound model of UO212 ion chelated
by DCP, UO2-DCP. The coordination bonds between U
and nitrogen or oxygen are indicated by purple dotted
lines. In this model, one or two oxygens from Mab U04S
may fulﬁll the ﬁrst coordination sphere of the uranium
metal. The symbol (*) indicates the atom to which the DCP
is coupled to the tip.
FIGURE 2 Height image of the substrate surface with coupled protein
A-Mab U04S and BSA saturated as described in system 1. The image was
obtained using the AFM tapping mode. The average of measured height is
;4 nm; the scale bar on the bottom left represents 500 nm. The image
depicts a completely protein-covered surface as judged by the indentation of
the molecular layer at the center. In the picture, large white areas correspond
to protein accumulation provoked by the indentation (contact mode), and
smaller clearer spots represent single proteins.
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kp ¼ keqkc
kc  keq:
Corrected loading rates were assembled into 11 groups characterized by
an averaged standard deviation of ;7% for each group. On average each
group is composed of 115 values. Then, the distribution of rupture forces
was clustered into several bins ranging from 3 pN for small loading rates
to 50 pN for large loading rates. Gaussian curves were used to ﬁt each peak
of the force distribution, allowing us to extract the most probable rupture
forces, F*.
Three-dimensional models of UO2-DCP, Mab
U04S, and their complex
The variable region of Mab U04S has been sequenced (T. Bessou, unpub-
lished). We used the comparative modeling technique to build the three-
dimensional structure of the recombinant variable fragment of Mab U04S
(31,32). We identiﬁed the anti-Thermus aquaticus DNA polymerase antibody
TP7 as the best template to model U04S. The sequence identity was ;83%
without insertions or deletions. The crystal structure used (Protein Data Bank
(PDB) code 1AY1) for both light and heavy chains was determined at 2.2-A˚
resolution (33). Side chains were replaced, optimized (23), and reﬁned by a
computational graphic procedure that takes advantage of a database of well-
known antibody structures (34). All atomic positions were energy minimized
using X-PLOR (35) with the CHARMM22 force ﬁeld parameters (36). The
model quality was evaluated by PROCHECK (37) with 82.3% off,c dihedral
angles in the most favorable regions.
The structure of DCP was obtained from the Cambridge Structural
Database (code XAMHOJ, (38)), with a Ni atom coordinated and several
bound water molecules around.We replaced the Ni atom and two axial water
molecules by uranyl and two uranium-bound oxygen atoms with the U-O
bond length of 1.8 A˚. Then this modeled compound was used in com-
putational visual graphics docking. Chelated UO2 preferentially binds to
carboxylic groups in proteins (39). Only three aspartic acids are present in
antibody CDRs: in CDRL2, CDRH1, and CDRH3. The AspH-30A in
CDRH1 is located on the top of the antibody fragment (Fab) and could not
make direct interactions with a ligand bound in the binding pocket. The other
two constitute potential coordination residues to ligate with UO2. Accord-
ingly, two molecular models were made with different CDRH3 conforma-
tions. In model A, the CDRH3 conformation was inherited from the template
antibody 1AY1, the predicted coordinating residue with UO2 was AspH-100
(Kabat numbering). In model B, the CDRH3 conformation was modiﬁed to
enable AspL-50 (Kabat numbering) to coordinate with UO2.
RESULTS
For convenience, we have notated the different combinations
of experimental setups as system 1, UO2-DCP chelate on the
tip, protein A-Mab U04S on the gold-coated glass slide
(substrate) saturated with BSA; system 2, only DCP com-
pound on the tip, protein A-Mab U04S on the substrate sat-
urated with BSA; system 3, UO2-DCP chelate on the tip, the
substrate lacks the antibody Mab U04S; system 4, only DCP
compound attached on the tip through a PEG spacer, protein
A-Mab U04S on the substrate saturated with BSA. Fig. 1
presents a schematic picture describing compounds and mol-
ecules distributed over the tip and the substrate. The structure
of the experimental system was shown to be a uniformmono-
layer as conﬁrmed by the height image of the substrate in
Fig. 2.
Interactions between UO2-DCP and Mab U04S
Interactions between the UO2-DCP chelate complex and
Mab U04S were measured using DFS on system 1. A total of
5198 unbinding events was performed on system 1 over 11
different loading rates. The averaged separation distance be-
tween tip and sample surface was 16.8 and 23.4 nm for the
measurements performed at the loading rate of 1002 6 120
and 2060 6 210 pN/s, respectively. From crystallographic
data, the heights of Fc and Fab fragments are known as 7 and
8 nm, respectively. Besides, a ﬂexible linker between the Fc
and Fab as well as the ﬂexibility of protein A underneath the
antibody may also contribute to distance lengthening. Taken
all together, it implies that the measured separation distance
(;20 nm) is in good agreement with our experimental setups.
Among identiﬁed unbinding events, 1263 isolated rup-
ture peaks from the force-displacement curves for analysis
(Fig. 3, inset) were selected using our in-house software
YieldFinder (22). The isolated rupture peak was deﬁned as
the one starting and ending near the baseline. A typical distri-
bution of unbinding forces for speciﬁc interactions, at a given
loading rate of 2060 pN/s, is displayed in Fig. 3. As shown in
Fig. 3, a distribution of multiple unbinding populations is
also observed at each tested loading rate.
To obtain the interaction parameters of [UO2-DCP]-Mab
U04S binding, we determined the most probable rupture
forces (F*) from the maximum of the ﬁtting curves in Fig. 3,
then we plotted F* with respect to the logarithm of the exper-
imental loading rate. Fig. 4 shows the results over the range
of loading rate from 15 to 2.64 3 104 pN/s. Two regimes
could be determined in the plot: one located in the region of
low loading rates (,665 pN/s) and the other one in the re-
gion of high loading rates (.665 pN/s). The detailed pro-
cedure of obtaining multiple regression lines in Fig. 4 has
been described elsewhere (22). Brieﬂy, one parent regression
line that ﬁts all the data points was drawn ﬁrst. Then, we
generated lines parallel to the parent regression line in such
a manner that each line can ﬁt as many points as possible.
Finally, the points associated with each line were used to
compute the corresponding regression line. We obtained
values .0.74 and .0.95 of the correlation coefﬁcient for re-
gression line at low and high loading rates, respectively. Inter-
action parameters g and k0 (see Materials and Methods) were
derived from these regression lines (Table 1). Standard errors
were obtained using the ﬁtted curve equations as given in the
GraphPad Prism software (GraphPad, San Diego, CA). Clearly,
errors are greater for the extrapolated k0 values than for the
slope-derived g values.
Nonspeciﬁc interactions in
force-displacement measurements
Nonspeciﬁc interactions have been measured experimentally
by removing one component from system 1 (either the uranyl
or the antibody, systems 2 and 3, respectively). It was suggested
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that adding a linker between the tip and a ligand should
produce less nonspeciﬁc interactions. We have used a PEG
linker (system 4) to perform measurements for studying
nonspeciﬁc interactions. Contrary to speciﬁc unbinding events
observed in system 1, the distribution of unbinding events
corresponding to systems 2–4 at high loading rates are de-
scribed by a single population, shown in Fig. 5. Similar ﬁnd-
ings were observed in the same systems at low loading rates
(data not shown). In both conditions, most unbinding events
occur at a force ,120 pN. This can be further illustrated
by superimposing the histograms of event frequencies from
speciﬁc (system 1) and nonspeciﬁc (systems 2–4) interac-
tions. Fig. 5 reveals that nonspeciﬁc rupture forces slightly
overlap with rupture events obtained at low forces. The over-
lapping rupture events correspond to those identiﬁed in the
ﬁrst ﬁts in Fig. 4. It indicates that nonspeciﬁc interactions
can be characterized with a very weak binding strength. Con-
cerning the effect of a PEG linker on the distribution of non-
speciﬁc interactions, it appears that the added ﬂexibility did
not markedly alter the measurements (Fig. 5). These results
highlight the robustness of determination of nonspeciﬁc un-
binding events in our system.
FIGURE 3 Frequency histograms of unbinding events obtained at the
loading rate of 2060 pN/s. The bin size of unbinding force is 20 pN. Peaks in
the histograms were ﬁtted using Gaussian functions, as described in previous
work (22). The maximum value of each Gaussian curve corresponds to the
most probable unbinding forces F*. Inset shows typical experimental force-
displacement measurements. The top curve indicates no occurrence of
unbinding events. Unbinding peaks were selected only if they are well iso-
lated; i.e., starting and ending near the baseline, for example those indicated
by a black arrow in the blue, green, and red curves. No peak was considered
in the orange curve.
FIGURE 4 Plots of the most probable unbinding forces F* versus the
natural logarithm of the experimental loading rate on the biochemical bonds.
Due to multiplicity of F* at one loading rate, we have drawn multiple linear
regression lines for multiple populations of forces (see text for details). Six
ﬁts were present in the low loading rate region (,665 pN/s); whereas nine
ﬁts were found in the high loading rate region (.665 pN/s). Inset indicates
ﬁtting lines (normalized coordinates) of the normalized distribution of F*
versus normalized loading rates, according to the Williams model of rupture
force of multiple attachments loaded in parallel using a g ¼ 0.19 nm and
k0 ¼ 0.13 s1 (49).
TABLE 1 Kinetic parameters characterizing the interactions between UO2-DCP and Mab U04S
Fit 1 Fit 2 Fit 3 Fit 4 Fit 5 Fit 6 Fit 7 Fit 8 Fit 9
High loading rate* g (nm) 0.08 6 0.00z 0.07 6 0.01 0.07 6 0.01 0.06 6 0.01 0.05 6 0.00z 0.04 6 0.00z 0.03 6 0.00z 0.03 6 0.00z 0.03 6 0.00z
k0 (s
1) 13.2 6 6.0 5.2 6 3.0 1.4 6 3.9 1.0 6 1.8 0.9 6 0.8 1.5 6 1.3 0.6 6 0.3 0.4 6 0.3 0.3 6 0.8
Low loading ratey g (nm) 0.89 6 0.39 0.47 6 0.16 0.33 6 0.09 0.26 6 0.04 0.19 6 0.03 0.17 6 0.03 NO§ NO NO
k0 (s
1) 0.06 6 0.2 0.11 6 0.4 0.12 6 0.4 0.08 60.09 0.10 6 0.12 0.06 6 0.1 NO NO NO
*1002–26400 pN/s.
y14–428 pN/s.
z,0.005.
§Not observed.
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Three-dimensional model of Mab U04S
A comparative model of Mab U04S was performed using
standard antibody modeling protocols (23,32). The sequence
identity between the selected template antibody 1AY1 and
Mab U04S is ;83% across both the light and heavy chains.
The root mean-square deviation between Ca atoms of the
template and the U04S model is 0.12 A˚, over a total of 222
out of 227 residues excluding the ﬁve residues from the
CDRH3. Uranyl ions are usually tightly coordinated with
ﬁve or six oxygen atoms in the equatorial plane (Fig. 1 B). A
recent survey of chelated uranyl ions in proteins revealed that
the most frequent ligating residues are aspartic and glutamic
acid (39). There are only three aspartic acids available among
the six hypervariable loops in Mab U04S: AspL-50 in
CDRL2, AspH-30A in CDRH1, and AspH-100 in CDRH3.
The one in CDRH1 is not appropriate for making close
contact toward a bound ligand. Thus, two molecular models,
A and B, were built in which UO2-DCP were positioned so
that the carboxyl groups of aspartic acids fulﬁlled the coor-
dination sphere of UO2 in a bidentate manner (Fig. 6, A and
B). The two aspartic acids are located in a solvent-exposed
region; the binding site in each model is rather shallow (shown
in Fig. 6 C). Such a ‘‘ﬂat’’ binding pocket is reminiscent of
the template antibody 1AY1, an antiprotein antibody. The
location of the antigen binding site in either model is very
close to each other. Both of them share a common list of
interacting residues such as TyrH-98, TyrL-32, and TrpL-91.
Residues TyrH-98 and TrpL-91 ﬂank the UO2-DCP com-
pound. In both models, atom C5 of DCP, used to graft the
DCP onto a carrier protein, is completely solvent exposed.
On the contrary, model A reveals one carboxyl group of DCP
forming a salt bridge with ArgH-95 (Fig. 6 A), whereas model
B illustrates this carboxyl group making the salt bridge with
LysL-53 (Fig. 6 B).
DISCUSSION
In the study of force-induced bond rupture, the unbinding pro-
cess of a ligand-receptor pair is governed by a force applied
in the direction of the dissociation coordinate. Exploiting the
stochastic characteristics of unbinding event measurements,
the thermodynamic parameters in bulk solutions can be de-
rived from samplings of single-molecule kinetics (11,40,41).
Very few systems for ligand-receptor unbinding are described
and none dealt with metal-protein unbinding. To highlight
difﬁculties in DFS experiments, one might notice that even
the most studied case (avidin-biotin) is still subject to many
theoretical reﬁnements (42,43). In this work, we performed
detailed analysis on the interaction between a UO2 chelate
and a Mab. A great advantage of single-molecule study is the
low impact of inactive molecules on measurements com-
pared to bulk solution measurements (44). Provided with
different combinations of interacting pairs, we have mea-
sured explicitly the nonspeciﬁc interactions, which allowed
us to estimate their inﬂuence on the speciﬁc interactions.
FIGURE 5 Distribution of frequency histograms of unbinding events
obtained between nonspeciﬁc and speciﬁc interactions. Speciﬁc interactions
were measured at 6400 pN/s and are presented in light gray-ﬁlled bars. The
dark gray-ﬁlled histograms from top to bottom correspond to systems 2, 3,
and 4 at the applied loading rate of 5580, 2900, and 5600 pN/s, respectively.
The bin size for nonspeciﬁc unbinding force is 3 pN. The selection of iso-
lated unbinding peaks leads from force-displacement curves to a noteworthy
reduction of nonspeciﬁc noises.
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Treatments of nonspeciﬁc interactions
Mab U04S shows no detectable afﬁnity for DCP; therefore
we used the DCP-functionalized tips (systems 2 and 4) as a
reference to distinguish nonspeciﬁc unbinding events. Data
analysis of force-displacement measurements revealed that
the distribution of rupture events is slightly overlapped with
speciﬁc and nonspeciﬁc interactions. However, nonspeciﬁc
unbinding events show marginal dependence of F* on the
loading rate (data not shown) and appear in the force-rupture
distribution as a single population (Fig. 5). Thus, we cannot
exclude the possibility that rupture force measurements do
correspond to nonspeciﬁc interactions, at least for the ﬁrst
population in the force distribution (Figs. 3 and 5). It was
suggested that nonspeciﬁc unbinding events can be reduced
by covalently coupling the ligand or receptor to a ﬂexible
spacer (21,45–47). We have tested this suggestion using
system 4, where DCP was covalently coupled to a PEG
spacer that was directly attached to the tip. Although the
distribution of nonspeciﬁc unbinding events appeared to be
more uniform in system 4 (Fig. 5), the values of F* were in
the same range as that in systems 2 and 4.
Detection of multivalent interactions
Avidity is a natural and important property in antigen-
antibody interactions, leading to accrued complexity in anti-
body systems. That is, antibodies can bind antigens through
either one or both paratopes. In system 1, the AFM tip at-
taching UO2-DCP compounds may interact with multiple
antibodies on the substrate due to the small size of the che-
late. This has already been observed in a system of divalent
metal and polyhistidine peptides (48). Unfortunately, the de-
pendency of F* on the loading rate was not further analyzed
for that system. From the distribution of F* at various load-
ing rates, we gained insight into multivalent interactions
of [UO2-DCP]-Mab U04S complex. At low loading rates
(,665 pN/s), we have ﬁtted the plot of F* versus ln(re) to six
straight lines, whereas at higher loading rates, nine lines were
required (Fig. 4). The multiple ﬁtting lines characterize an
unbinding process of multiple ‘‘bonds’’. To conﬁrm our
ﬁndings, we modeled our data as the rupture of multiple
identical bonds in parallel, according to a recent develop-
ment that assumes each binding attachment sharing the ap-
plied force equally and the time to break N attachments equal
to the sum of the time breaking each attachment (49). The
relationship between the measured loading rate, rf, and the
measured rupture force, F*, can be described by the follow-
ing equation:
rf ¼ k0kBT
g
+
N
n¼1
1
n
2 exp 
Fg
nkBT
  1
Using normalized forces and loading rates (21), the pre-
dicted loading rate, rf, in function of the force rupture, F*
(Fig. 4 inset), reveals the presence of multiple parallel bonds.
Fig. 4 (inset) shows the maximum number of parallel bonds
equal to nine that is in accord with the ﬁtted lines observed in
Fig. 4. As a result, our system has six and nine parallel bonds
corresponding to three to four antibodies since each antibody
has two antigen binding fragments (Fabs). This is also con-
sistent with a geometric estimation of the cantilever tip sur-
face. With a radius 40 nm of the tip that penetrates into the
substrate layer at maximum by 4 nm, a surface area of spher-
ical cap equals 1005 nm2. The coating density of our system
1 is;2 antibodies per 1000 nm2, in close agreement with the
maximum number of observed multiple parallel bonds (three
to four antibodies).
Very interestingly, Williams’s scheme for parallel bonds
(49) does not simultaneously resolve the rupture forces into
different interaction modes among the range of loading rates,
as shown in Fig. 4 with two slopes. By applying Bell’s model,
the results are very informative in revealing the presence of
two energy barriers in the energy landscape.
FIGURE 6 Three-dimensional model
of Mab U04S variable fragment. The
light chain (VL) is colored in magenta
and the heavy chain (VH) is in cyan. (A)
The CDRH3 conformation (red) is sim-
ilar to the template antibody 1AY1. The
uranium atom is chelated with DCP (or-
ange sticks) through navy blue bonds.
An interaction between the UO2 and
Mab U04S (magenta and cyan sticks) is
made through coordination bonds be-
tween the uranium atom and the anti-
body residue AspH-100. AspH-100 is
located at the center of CDRH3, near the bottom of the binding pocket. In this model, DCP makes hydrogen bonds with ArgH-95 (CDRH3) and TyrL-32
(CDRL1). (B) The CDRH3 conformation was remodeled so that the uranium atom can be coordinated with AspL-50 (CDRL2). In this model, DCP forms a
hydrogen bond with HisL-34 (CDRL1) and a salt bridge with LysL-53 (CDRL2). In both models A and B, the UO2-DCP compound is sandwiched between
TyrH-98 (CDRH3) and TrpL-91 (CDRL3) and is solvent exposed in such a manner that a linkage through a protein carrier is allowed. The ﬁgures were
constructed usingMolscript (60) and rendered using Raster3D (61). (C) Molecular surface of Mab U04S variable fragment. Colorization is according to the DG
scheme using the PMV software (62). The picture illustrates a shallow depth of the binding pocket of Mab U04S toward UO2-DCP (colored balls and sticks)
estimated as g  4 A˚ for the outer activation barrier from DFS results.
Heavy Metal Protein Interactions 651
Biophysical Journal 93(2) 645–654
Afﬁnity of chelated metal-antibody interactions
Based on Bell’s model (9,12), we obtained a biphasic plot
of F* against ln(re) over a range of loading rate (up to 10
3)
similar to what was used in other antigen-antibody systems
(19–21). However, we avoided employing a higher speed
to prevent the tip and sample from alterations and limited
the maximum contact force to several hundred piconewtons
(50).
Since we have shown the speciﬁc interaction between
UO2 and Mab U04S, we expect that the uranyl plays a major
role in the binding process. Knowing that the uranyl pref-
erentially binds to acidic side chains of proteins, we modeled
the interaction between DCP-UO2 and Mab U04S such that
UO2 is able to fulﬁll its ﬁrst coordination sphere with neg-
atively charged residues (Fig. 6). A structural analysis was per-
formed on the molecular model of [UO2-DCP]-Mab U04S
complex at an atomic level. From Fig. 6, the UO2-DCP com-
pound was inserted into the shallow binding pocket of Mab
U04S in such a way that the atom U is coordinated with a
solvent exposed residue, AspL-50 in model A and AspH-100
in model B, and the DCP ligand enhances the binding strength
by forming a putative salt bridge with LysL-53 and ArgH-95
in model A and B, respectively. A similar interaction pattern
can be found in the MOAD binding database (51) where a
chelate compound strongly interacts with the antibody (PDB
code 1IND (52)). In their system, the chelate compound con-
tains an indium ion coordinated with an EDTA derivative.
The coordination of the indium ion is completed by a his-
tidine residue in CDRH3, whereas most of the carboxylic
groups of EDTA make salt bridges with positively charged
residues in the binding pocket. It has been shown that these
salt bridges play an important role in the afﬁnity of metal
compound-antibody complex (53). Likewise, DCP in our an-
tibody complex is in direct contact with Mab U04S at the
atomic level.
The biphasic pattern observed in the plot of F* versus the
logarithm of the loading rate has been interpreted as char-
acteristic of an inner and outer activation barrier (15,18,54),
though still under debate (55–57). Supported by our molec-
ular modeling data, we interpret the inner activation barrier
as to rupture the coordination bonds of UO2 with antibody
residue (AspL-50 or AspH-100), a process with a very nar-
row barrier width (g , 1 A˚). The outer activation barrier
corresponds to detaching the entire chelate compound UO2-
DCP from the antibody binding pocket through nonbonded
interactions such as salt bridges (.3 A˚), a process charac-
terized with a broader barrier width (g . 1 A˚).
The kinetic information about [UO2-DCP]-Mab U04S dis-
sociation under the natural condition (without external forces)
is provided in Table 1. The values of the kinetic dissociation
constant k0 at zero force range from 0.3 to 13.2 s
1 at high
loading rates and 6.03 102 to 0.12 s1 at low loading rates.
The decreasing k0 toward higher rate populations in Fig. 4
is strongly supportive of multivalency in [UO2-DCP]-Mab
U04S interactions. Assuming a value of 33 105 M1s1 for
kon (58), the equilibrium afﬁnity constant was evaluated in
the order of 1.03 106 M1 to 2.33 104 M1 at high loading
rates and 5 3 106 M1 to 2.5 3 106 M1 at low loading
rates. The estimated value is in the range comparable to an-
other chelated-metal-antibody system that the afﬁnity con-
stant was measured experimentally as from 5 3 107 to 103
M1 (59).
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